Introduction
Plasmonic fluorescent nanocomposites of gold (AuNPs) or silver (AgNPs) nanoparticles are hard to prepare because of strong quenching by the noble metal nanoparticles. The AuNPs have extinction in a visible region of the electromagnetic (EM) spectrum where the incident light frequency is resonant with the conduction band free electron oscillations, a phenomenon known as localized surface plasmon resonance (LSPR).
1 LSPR affects fluorophores in the vicinity of AuNPs by modulating the energy transfer as well as radiative and non-radiative rates. Such plasmonic fluorescent nanocomposites transfer fluorophore radiation to AuNPs, amplifying the LSPR. A critical need is to tune the distance between fluorophores and AuNPs in order to overcome nanometal-induced quenching for preparing plasmonic fluorescent nanocomposites. 2 Cyanine dyes are known to form fluorescent J-aggregates upon a wide variety of scaffold materials. 3 During a literature review of chromophore assemblies on metal nanostructures, we found several papers reporting no fluorescent J-aggregates being formed or the fluorescence from such aggregates was quenched or photobleached. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Others reported a need for spacer layers in order to distance the aggregates from the noble nanometal surface for avoiding quench; 10, 12, 14, 15 sometimes, even with a spacer layer no J-aggregation was observed with certain cyanines. 10 There were a few reports of J-aggregates on AgNPs 13, 16, 17 but not on AuNPs. It is clear that reports of fluorescent J-aggregates on AuNPs scaffold are scarce due to the nanometal-induced quenching. Here we report the successful preparation of plasmonic fluorescent nanocomposites by spontaneous assembly of two cyanine dyes (1 and 2) upon 2 -40 nm diameter AuNPs or streptavidin protein-conjugated 10 nm AuNPs (10 nm AuNPs-SA).
Fluorescence intensity of plasmonic nanocomposites was related to the following five factors: 1) AuNPs diameter (size) (2 -40 nm); 2) type of cyanine dye (1 or 2); 3) aggregate density; 4) distance between cyanine and AuNPs, and 5) protein conjugation status of AuNPs. We propose a model for plasmonic fluorescent nanocomposites based on these data. Our high-throughput screening (HTS) of plasmonic fluorescent nanocomposites enables novel enzyme assays using these nanocomposites for signaling catalytic reactions.
Experimental

Reagents and chemicals
Cyanines (98 -99%) were 1 (5, Plasmonic fluorescent nanocomposites are difficult to prepare due to strong quenching effects on fluorophores in the vicinity of noble metal nanoparticles such as gold (AuNPs). We successfully prepared plasmonic fluorescent nanocomposites of two cyanines (1 and 2) aggregating upon 2 -40 nm AuNPs or streptavidin-conjugated 10 nm AuNPs. We used high throughput screening (HTS) for the first time to characterize the spectral properties, aggregation kinetics, aggregation density and photostability of the nanocomposites. Fluorescence from nanocomposites declined inversely with AuNPs size: 40 nm ≥ 20 nm > 10 nm > 5 nm > 2 nm. Sensitivity (limit of detection, LOD, 10 5 -10 11 AuNPs/mL), brightness of the nanocomposites and surface coverage of AuNPs by cyanine aggregates were all influenced by five factors: 1) AuNPs size; 2) cyanine type (1 or 2); 3) aggregate density; 4) distance between aggregates and AuNPs surface; and 5) streptavidin protein conjugation to AuNPs. We propose a model for plasmonic fluorescent nanocomposites based on these observations. Our plasmonic fluorescent nanocomposites have applications in chemical and biological assays. Original Papers particles/mL), 20 nm (7.0 × 10 11 particles/mL), and 40 nm (9 × 10 10 particles/mL). Ten-nanometer AuNPs (6.1 × 10 12 particles/mL) conjugated to streptavidin (SA) (10 nm AuNPs-SA) was from Sigma Aldrich (St. Louis, MO). Purified (non-conjugated) SA protein was purchased from Pierce (Rockford, IL) and Sigma Aldrich.
Photography
Cyanine 1 was pale pink and 2 was purple-blue which changed to magenta/orange and teal/aqua, respectively, following selfassembly on AuNPs. These color changes were documented using a Nikon D90 camera with a Nikkor 60 mm F/2.8G lens. The aperture was F/36, shutter speed 1.3 s, ISO being 1EV under 200 with Active D-lighting.
High-throughput screening (HTS) of 1 and 2 plasmonic fluorescent nanocomposites
Reactions were carried out in 20% (v/v) methanol-water at ∼25 C by mixing cyanine and AuNPs in UV-Vis transparent 384-well microplates (Corning, Lowell, MA) or 96-and 384-well white microplates (Optiplate, Perkin Elmer, Boston, MA). The total volume (Vt) was 100 μL/well (96-well) or 50 μL/well (384-well).
Absorption and fluorescence measurements were taken in 2 nm intervals using a Molecular Devices M2 plate reader (Sunnyvale, CA).
SA and nanocomposite fluorescence
The concentration of purified SA (25 ng/mL) was approximately equal to the concentration of conjugated SA in 10 nm AuNPs-SA. Fluorescence was monitored from the following reactions: a) 10 nm AuNPs-SA + 1; b) 10 nm AuNPs + 1; c) 10 nm AuNPs + SA (Pierce) + 1; d) 10 nm AuNPs + SA (Sigma Aldrich) + 1.
Kinetics and photostability
Fluorescence from 1 and 2 nanocomposites was measured at timed intervals of 2.5 min post-assembly up to 24 h. Due to different emission intensities from the various ensembles, we normalized the data as percent of maximal fluorescence. With 2, the time-dependent increase in monomer fluorescence was subtracted from fluorescence of the ensembles. For photostability, we subjected the reactions to 12 excitation/emission cycles and measured the fluorescence after each cycle. Changes to 1 monomer fluorescence at these cycles were also measured simultaneously. Due to time-dependent increase in 2 monomer fluorescence, we did not examine the photostability of 2 ensembles.
Data analysis
We calculated the number of Au atoms as: 
Results and Discussion
Spectroscopy of plasmonic nanocomposites
Cationic cyanines 1 and 2 assembled spontaneously on negatively charged 2 -40 nm AuNPs accompanied by red shifted absorption, characteristic of J-aggregation. 3 Monomer absorption of 1 was maximal around 510 nm which red shifted to ∼585 nm (Fig. 1A) . The 2 monomer absorption was ∼590 nm and red shifted to ∼690 nm following J-aggregation (Fig. 1B) . Fluorescence was observed by exciting 1-2 -40 nm AuNPs nanocomposites at 500 nm and measuring peak emission at 592 nm (1-nanocomposites emission spectra, 575 to 605 nm). The excitation and emission peak wavelengths for 2-2 -40 nm AuNPs nanocomposites were 630 and 700 nm, respectively (2-nanocomposites emission spectra, 675 to 725 nm). Neither monomers nor AuNPs exhibited significant fluorescence confirming that the emission was from cyanine-AuNPs plasmonic fluorescent nanocomposites. Fluorescence of both dyes assembling on 2 nm AuNPs had the lowest emission suggestive of lower surface area resulting in fewer J-aggregates and/or weaker plasmonics of 2 nm AuNPs. The near infrared (NIR) emission of 2 nanocomposite is useful for screening biological samples because emissions >650 nm avoid intrinsic absorption and fluorescence of biomaterials in the blue-green region.
Plasmonic fluorescent nanocomposites
All AuNPs tested had LSPR between 450 -650 nm with a 525 nm peak (Fig. 2) . Fluorescence quench in the vicinity of metal NPs is due to exciton coupling to LSPR. [5] [6] [7] [8] [9] [10] [11] [12] However, spectral overlap between excitation or absorption of nanocomposites and LSPR of AuNPs enables fluorescence due to the AuNPs acting as local antennae, increasing the absorption. 19, 20 Thus, 1 J-band absorption at 560 -600 nm (Fig. 1A) partially overlapped the LSPR of AuNPs and the 450 -550 nm excitation spectra of 1 nanocomposites completely overlapped LSPR enabling fluorescence. However, 2 J-band absorption of 650 -725 nm (Fig. 1B) had no overlap with LSPR and 580 -680 nm excitation spectra of 2 nanocomposites partially overlapped LSPR leading to reduced emission intensity relative to 1 nanocomposites. Cyanine 1 might form different types of aggregates with J-bands of 580 -600 nm. [21] [22] [23] One of these aggregates showed a J-band at 592 nm and a H-band at 500 nm perhaps due to Davydov splitting 22, 23 giving rise to the excitation maximum at 500 nm. Cyanine 2 shows absorption maxima around 550 and 600 nm (Fig. 1B) which may be due to dimers and monomers, respectively. 24 Our results of cyanine monomer, dimer, H-and J-band absorption, excitation and emission agree with those reported by Hada et al. 22 and Sato et al. 24 
Specificity of cyanine assembly
Adding SA to 1 nanocomposites of 10 nm AuNPs diminished fluorescence by 50 to 64%. 1 mixed with 10 -100-fold excess SA (0.25 -2.5 μg/mL) resulted in <5% fluorescence compared to 1 plasmonic fluorescent nanocomposites. Ten-nanometer AuNPs, not conjugated to SA, also formed fluorescent nanocomposites (Fig. 3) . We therefore concluded that the fluorescence was due to 1-2 -40 nm AuNPs nanocomposites or 1-10 nm AuNPs-SA nanocomposites and not due to 1-SA ensemble. We do not exclude the possibility that SA conjugated to 10 nm AuNPs adopted a conformation favorable to 1 scaffolding. Protein conformational changes are beyond the scope of this work.
Dose response of AuNPs
All AuNPs (except, 1-2 nm AuNPs nanocomposites) had a biphasic effect on fluorescence (Figs. 3A and 3B ). This might be due to molecular dye occupancy on the AuNPs surface (increasing with AuNPs size and concentration) with quench dominating at higher AuNPs concentrations. Smaller AuNPs result in fluorophores closer to the metal and quench dominates. With the exception of 1-10 nm AuNPs-SA nanocomposites (Fig. 3A) , the rest of the ensembles displayed sharp optimum concentrations. The 1-10 nm AuNPs-SA composite had a broad peak spanning 3 orders of magnitude (1.9 × 10 9 to 1.6 × 10 11 particles/mL). Maximal emission from 1-10 nm AuNPs-SA was at a lower concentration (∼10 9 /mL) compared to 10 nm AuNPs (10 10 /mL) (Fig. 3A) . Both LOD and LOQ were superior for 1-nanocomposites relative to 2 nanocomposites (Table 1) . AuNPs began to quench the fluorescence at >10× LOQ. [5] [6] [7] [8] Fluorescence from 1 and 2 nanocomposites declined as follows: 10 nm AuNPs-SA ≈ 40 nm ≥ 20 nm > 10 nm > 5 nm > 2 nm.
Our results differ from a previous report of fluorescent J-aggregates on 10 -13 nm but not 15 -46 nm AuNPs, 25 indicating a size preference not observed here. While it is difficult to say with certitude why this is the case, we offer a few explanations. Fluorophore behavior is affected not only by the distance separating them from the nanometal surface but also by the electromagnetic field enhancement effects which are influenced by the size of AuNPs and these may be unique to dye structure. It is known that even within the family of cyanine dyes, certain cyanines form fluorescent J-aggregates whereas others do not. 3, 10 Therefore, it is not surprising that eosin, the dye used by Ghosh et al., 25 which is chemically different from our cyanines, might exhibit AuNPs size-dependent formation of fluorescent J-aggregates. Ghosh et al. 25 also used a single concentration of AuNP and eosin for their determinations, whereas we concluded size preferences based on titrations involving several different concentrations of the cyanine (vide infra) and the AuNPs (Fig. 3, Tables 1 and 2 ).
Dose response of cyanines
We used the optimum concentration of AuNPs (Fig. 3 ) and titrated 1 and 2. Increasing concentrations (1 -100 μM) of 1 and 2 resulted in larger numbers of molecules adsorbing to AuNPs forming more J-aggregates leading to higher emission. Protein conjugation and larger sized AuNPs conferred greater linearity to emission intensity.
Fluorescence from all nanocomposites saturated between 25 -100 μM cyanine. The maximal intensity (10 5 RFU) of 1 nanocomposites was ∼10-fold higher than 2 nanocomposites (10 4 RFU), consistent with the data of Fig. 3 . Lower concentrations of cyanines elicited higher fluorescence intensity after assembly upon 10 nm AuNPs-SA compared to 10 nm AuNPs. Fluorescence of nanocomposites declined similarly: 10 nm AuNPs-SA ≈ 40 ≥ 20 > 10 > 5 > 2 nm. 247  3864  30910  30910  247280  1978240   157  985  3940  3940  15759  63035   64  25  13  13  6  3   13  306  349  160  273  27   3  153  174  160  136  27 a. Calculations employed concentrations of the AuNPs-dye pairs that gave the highest fluorescence (Fig. 2) . Thus, concentrations of 1 used with various AuNPs were: 2 nm (100 μM), 5, 10 and 20 nm (50 μM) and 10 nm AuNPs-SA and 40 nm (25 μM). The concentration of 2 used with various AuNPs was 25 μM. Concentrations of AuNPs are provided in the legend to Fig. 3 . Data in columns 5 and 6 represent maximum permissible under highest fluorescence, where all cyanine molecules exist as nanocomposites.
Kinetics of aggregation
Emission was instantaneous after mixing 1 with AuNPs, and showed a time-dependent increase, reaching a maximum between 2.5 and 20 min with all except 2 nm AuNPs, and declined thereafter. By 7 h all reactions were non-fluorescent. Fluorescence declined steeply for 1 nanocomposite on 2 nm AuNPs and reached baseline within 2 h post-assembly. There was little change in 1 monomer fluorescence (1030 ± 151 RFU; n = 39; <15% error) over 420 min and was <1% of the emission from 10 nm AuNPs-SA, indicating no time-dependent self-aggregation of 1 monomer. The decline was irreversible since fluorescence from ensembles was not recovered after 24 h which may be due to disorientation and lattice disorder. 8 Fluorescence from 2 nanocomposites was also nearly instantaneous and maximal within 1 -2 min post-assembly. After correcting for 2 monomer fluorescence, emission from the ensembles declined linearly and reached baseline within 20 min (Fig. 4) .
The decline was not due to instability of 2 nanocomposites but rather due to a 13-fold increase in 2 monomer fluorescence over the same timeframe (Fig. 4) , which prevented photostability studies of 2 nanocomposites. Saturation of 2 monomer fluorescence between 20 -60 min was accompanied by baseline tracings of 2 nanocomposites. Likewise, the increase in 2 monomer fluorescence up to 20 min was mirrored by a parallel decline in fluorescence from 2 ensembles (Fig. 4) . Therefore, emission from 2 nanocomposites must be measured immediately for maximal S/B.
Photostability of 1 nanocomposites
Fluorescence from 1 nanocomposites of 5 -40 nm AuNPs was stable over 12 excitation/emission cycles (Fig. 5) . The increase in emission up to 6 or 8 cycles (especially with 5 and 10 nm nanocomposites) might be due to the assembly time for maximum emission (it took ∼20 min to complete 6 -8 cycles). The decline in fluorescence of the 1-2 nm nanocomposites was due to their rapid disassembly. Thus, the aggregation kinetics and the photostability data are mutually consistent.
Modeling plasmonic fluorescent nanocomposites
Fluorescence is quenched in the vicinity of AuNPs due to spectral overlap with LSPR. [5] [6] [7] [8] [9] [10] [11] [12] Metal enhanced fluorescence is also displayed by fluorophores located close to metal NPs. 26 Both processes are distance-dependent; quench dominates over short (≈5 nm to <10 nm) distance and enhancement is prominent at >10 nm distance separating fluorophores and AuNPs. 1 and 2 profiles were similar and the ratios were low with 2 nm AuNPs, higher between 5 -20 nm, and declined with 40 nm AuNPs ( Table 2 ). The number of dye molecules aggregating on smaller AuNPs might be fewer due to the metal's surface area limitations. Rapid dissociation of 2 nm ensembles also led to lower emission. Smaller AuNPs quench fluorophores which are close to the surface. Energy from excited fluorophores is absorbed by 2 -10 nm AuNPs due to their greater absorption relative to scattering. 1, 26 Molecular crowding on smaller (2 -5 nm) AuNPs could lead to non-specific absorption of emitted light (inner filter effects) and self-quenching (Fig. 6) .
On the other hand, cyanine aggregates on larger AuNPs might be more abundant due to the scaffold's larger surface area. Larger AuNPs scatter more resulting in greater LSPR overlap with absorption/excitation spectra of the nanocomposites 19, 20 leading to incident light intensity being higher near AuNPs. Aggregates at such "hot spots" will be excited more frequently resulting in brighter emission.
Larger AuNPs separate fluorophores from NPs surface better, leading to increased radiative rates. Aggregates close to the metal surface are quenched, but this is compensated by distal fluorescent aggregates. With 10 nm AuNPs-SA, the protein acts as a spacer layer protecting the fluorophores from quenching by AuNPs. 10, 12, 14, 15 Hence, the LOD and LOQ values of 10 nm AuNPs-SA-nanocomposites were orders of magnitude smaller than 10 nm AuNPs-nanocomposites (Table 1) . Our model (Fig. 6 ) is also harmonious with quenching at higher concentrations of AuNPs (Figs. 3A and 3B) due to the plasmonic metal overwhelming the emissive effects.
Conclusions
Utilizing HTS for the first time, we demonstrated plasmonic fluorescent nanocomposites involving two cyanines aggregating on AuNPs. Fluorescence intensity was related to cyanine type, AuNPs size, aggregate density, distance between the aggregate and metal surface, and protein conjugation status of AuNPs. Our model of plasmonic fluorescent nanocomposites is harmonious with the data. We are developing HTS enzyme-and immune-assays using plasmonic fluorescent nanocomposites. Understanding the spectroscopic properties of plasmonic fluorescent nanocomposites will enable chemical and biological sensing applications.
